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httpicense.Abstract This work concerns to improve accuracy and convergence speed of Whitson algorithm,
applied for calculating compositional changes in petroleum reservoirs. These improvements are
implemented by choosing the proper calculated value of the parameter k and using the more proper
way to choose the pressure estimation in algorithm. In this method both liquid and gas phase cal-
culations use just one reference point in calculations. Reference point is a point where certain com-
positions and pressure are set for a certain depth. Results of this improved numerical algorithm are
matched well with the results of commercial software that validate this method. Results show that
calculations would be more accurate by inserting some modiﬁcations into algorithm.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
Open access under CC BY-NC-ND license.1. Introduction
Petroleum reservoirs that have a thick layer of oil or a tangible
temperature gradient with depth have mainly changes in their
composition vs. depth. A few works are reported in literature
studies on the composition changes with depth. It is recognized
that neglecting composition changes with depth in petroleum7737924.
m (M.H. Sedaghat).
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://dx.doi.org/10.1016/j.ejpe.2013.0reservoirs causes a large error in calculations of hydrocarbon
in place [1]. Composition changes with depth can be induced
due to several factors:
1. Gravity changes cause lighter compounds to move upward
and heavier compounds to move downward to set below
the lighter one [2,3].
2. Thermal diffusion causes the lighter components which are
at the top of the reservoir to drive down where the reservoir
has a higher temperature and the heavier components
which are at the bottom of the reservoir move up where
the reservoir has a lower temperature [4].
3. Temperature difference induces ﬂuid convection that causes
a combination of heavy and light compositions speciﬁcally
in areas with high permeability and fractures [5–7].gyptian Petroleum Research Institute.
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306 M.H. Sedaghat et al.4. When the balance of migration and equilibrium distribu-
tion of hydrocarbons is not completed yet, compositional
changes with depth occur [8].
5. Existence of active aquifer near reservoir can lead to
decreasing light components such as methane in some
depths.
6. Distribution variety of different hydrocarbons (parafﬁn
and aromatic) in C7 + fraction can cause compositional
gradient [9].
7. Higher methane concentration of a gas reservoir in proxim-
ity of petroleum reservoir results in methane diffusion into
those parts of reservoir which are near gas reservoir and
this process can cause compositional gradient.
8. Migration of oil from different source rocks to various lay-
ers of reservoir can also be affected by the compositional
changes with depth.
Gravity and thermal effects are the major factors of the
compositional gradient. For a reservoir, we cannot present a
general numerical model which offers all the complex
phenomena.
Formulation of compositional changes affected by gravity
in isothermal reservoirs for the ﬁrst time was introduced by
Gibbs. Equilibrium condition is expressed with the Eq. (1)
where liand MLi are the chemical potential and molecular
weight for each component i. Also, z0 is the single phase homo-
geneous mixture at the reference pressure and depth of
p0; h0; p; h, respectively, are pressure and composition in the
depth h In addition, g is the gravity acceleration. The temper-
ature of system is assumed to be constant.
MLiðp0; z0;TÞ ¼ Mliðp; z;TÞ þMLi:g: ðh h0Þ i ¼ 1; 2;    ;N
ð1Þ
Muskat found an accurate answer for this equation by a
particular equation of state [10]. He concluded that the gravity
has little effect on compositional changes with depth in petro-
leum reservoirs.
Schulte found the ﬁrst solution of Gibbs equation by using
the cubic equation of state. He concluded that the gravity ef-
fect on the composition changes with depth in reservoirs is
more tangible [3].
Holt el al proposed a correlation for compositional gradient
by including thermal diffusion [11]. But this correlation was
just for binary system. Belery and Da Silva extended this for-
mulation of two components to multiple components [12].
Wheaton presented a model for GCE (Gravity Chemical
Equilibrium) with respect to capillary pressure effects for con-
stant temperature conditions. He ﬁnally showed the effects of
neglecting compositional changes, results of high error in cal-
culations of initial hydrocarbon in place in oil and gas reser-
voirs [1].
Bedrikovetsky offered the mathematical calculations
involving gravity, thermal diffusion and capillary forces [13].
His algorithm was for ideal binary systems. His results were
like Muskat results.
Although the works which were done on compositional
gradient were similar, but no one has improved the accuracy
and speed of Whitson algorithm which is the basic algorithm
in calculation of compositional gradient. This work concerns
amending that algorithm by some modiﬁcation for calculation
of some essential parameters.2. Chemical/gravity equilibrium in constant temperature
The differential form of Gibbs equation is as follows:
dMLi þMLi:g:h ¼ 0 i ¼ 1; 2;    ;N ð2Þ
This equation presents N equations. By the principle the to-
tal mole fraction in each depth z(h) is equal to one:XN
i¼1
zðhÞ ¼ 1 ð3Þ
It should solve to gain values of pressure p (h) and compo-
sitions z(h) at any depth of h.
Chemical potential for each component li is deﬁned as
follows:
li ¼ R:T: lnfi þ li ðTÞ ð4Þ
where R is the gas constant, li ðTÞ is the chemical potential of
each component at reference temperature T and f is fugacity
which can calculate with fugacity coefﬁcient, /, as follows:
fi ¼ zi:/i:p ð5Þ
Gibbs equation for the compositional gradient is presented
as the following form:
lnfiðp0; z0;TÞ ¼ lnfiðp; z;TÞ þ 1
R:T
:Mi:g: ðh h0Þ ð6Þ
We have the following deﬁnitions for the fugacity in depth
h and the reference depth of h0:
fiðhÞ ¼ fiðph; zh;TÞ ð7Þ
fiðh0Þ ¼ fiðp0; z0;TÞ ð8Þ
so:
fiðhÞ ¼ fiðh0Þ:exp Mi:g: ðh h
0Þ
R:T
 
i ¼ 1; 2;    ;N ð9Þ
Volume change method is used widely to correct volumetric
efﬁciency in SRK and PR equations by adding constant c to
calculate that volume which comes from equation of state.
v0 ¼ vþ c ð10Þ
By using the volume shift to correct calculated volume
which comes from EOS, fugacity is modiﬁed as follows:
fi ¼ fi:exp
ci:p
R:T
 
ð11Þ
Based on Gibbs-Duhem equation, the combination of
mechanical equilibrium condition, dT/dh= q.g with the
gravity/chemical equilibrium condition, applies to:
PðhÞ ¼ pðh0Þ þ
Z h
h0
qðhÞ:g:dh ð12Þ3. Constant temperature algorithm of GCE
3.1. GCE algorithm
Michelsen presented a good method for calculating saturated
pressure, it has the following deﬁnitions [14]:
Qðp; zÞ ¼ 1
XN
i¼1
zi:
f0iðp0; z0Þ
fiðp; zÞ
 
¼ 1
XN
i¼1
Yi ð13Þ
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Yi ¼ zi: f
0
iðp0; z0Þ
fiðp; zÞ ð14Þ
and:
fiðp0; z0Þ ¼ fiðp0; z0Þ: exp Mi:g:ðh h
0Þ
R:T
 
ð15Þ
Proper algorithm for solving Eq. (13) is the updated New-
ton-Raphson method for pressure and accelerated successive
substitution for composition.
First the fugacity is calculated in the reference point
h0; f0iðp0; z0Þ,then the modiﬁed fugacity,f0iðp0; z0Þ is calculated
by applying the effect of gravity on fugacity with Eq. (19).
These calculations should be done only once. The initial
estimations of composition and pressure in depth, h, are pres-
sure and composition in the reference depth, h0:
z1ðhÞ ¼ z0 ð16Þ
p1ðhÞ ¼ p0 ð17Þ
Fugacity is calculated by estimating pressure and composi-
tion. Mole number is calculated by Eq. (14). The fugacity ratio
correction is calculated by:
ri ¼ f
0
iðp0; z0Þ
fiðp; zÞ :
XN
j¼1
Y1j ð18Þ
Mole number is updated by using:
Ynþ1 ¼ Yn: ðrni Þk ð19Þ
Four iterations use successive substitution (k= 1) followed
by a GDEM [14] promotion with k, given by:
k ¼ b01
b11 þ b01

 ð20ÞTable 1 k Distribution vs. depth in Whitson and offered
improved Whitson method.
Depth(m) Total number
of iteration
Whitson and k % k= 1% k= 0%
1350 39 69.2 15.4 15.4
1390 170 54.7 21.2 24.1
1430 69 73.9 14.4 11.7
1470 123 65.8 17.1 17.1
1510 260 59.2 18.1 22.7
1590 17 52.9 5.88 41.1
1630 17 58.8 11.8 29.4
1670 10 70.0 0.00 30.0
1710 9 66.6 0.00 33.3
1750 12 41.6 25.0 33.3
Table 2 Compositions in reference depth of 1550 m.
Component N2 CO2 C1
Composition 2.62E03 3.67E03 3.52E01
Component IC5 NC5 FC6
Composition 6.57E03 1.52E03 1.35E02
Component C17C19 C20C22 C23C25
Composition 4.86E02 3.87E02 3.02E02where:
b01 ¼
Xn
i¼1
lnðrni Þ:lnðrnþ1i Þ ð21Þ
b11 ¼
XN
i¼1
ln ðrn1i Þ: ln ðrni Þ ð22Þ
znþ1i is calculated from Y
nþ1
i using:
Zi ¼ Yi=
XN
j¼1
Yj
 !
ð23Þ
The pressure estimation is updated by using the Newton-
Rophson method:
Pnþ1 ¼ pn  Q
n
ðdQ
dp
Þn ð24Þ
where:
dQ
dp
¼
X
Yi:ri:
dfi
dp
fiðp; zÞ
 !
ð25Þ
The convergence is checked by using the following
tolerances:
1
XN
i¼1
Yi

 < 1013 ð26Þ
And:
XN
i¼1
ln ðriÞ
ln ðYi
zi
Þ
 !2
< 108 ð27Þ
Iterations should be continued until the algorithm
converges.
3.2. Determine the gas oil contact
To identify the GOC determination, trial and error method is
considered. For a saturated GOC, three approaches are con-
sidered: (1) Stability test. (2) Negative ﬂash calculations. (3)
Saturation pressure calculations. The ﬁrst and second ones
are more rapid but the negative ﬂash calculation is the fastest
method.
Stability test and negative ﬂash calculation algorithms can
be used only for small numbers of reservoir mixtures.
For an under-saturated GOC, (i.e. the transition from gas
to oil in a critical mixture) just one search based on saturation
pressure is required. Algorithm for calculating the GOC (gas
oil contact) for both saturated and under-saturated mixtures
is presented as follows:C2 C3 IC4 NC4
3.75E02 7.55E03 9.78E03 3.13E03
C07C09 C10C11 C12C14 C15C16
1.35E01 7.98E02 7.03E02 5.93E02
C26C28 C29C30 C31+
2.34E02 2.02E02 5.64E02
Table 3 Reservoir conditions.
Parameter Value
Temperature 68 C
Pressure 16,010 kpa
Refer. depth 1550 m
Depth to top 1750 m
Depth to bottom 1350 m
308 M.H. Sedaghat et al.First composition and pressure of the top of reservoir, zt; pt
and the composition and pressure at the bottom of the reser-
voir, zb; pb are calculated.
Then saturated pressure of top of the reservoir, Psatt , and
saturated pressure of the bottom of the reservoir, Psatb are
calculated.
If the saturation pressure at the top and the bottom of res-
ervoir was equal, GOC does not exist. Otherwise there is a
GOC and search for it begins. Straight-forward algorithmFigure 1 Pressu
Figure 2 Compositions of Cbased on a bisection method is offered in accordance with
the type of saturation. In nth iteration, a mixture with a dew
point in the depth hn would be replaced with the top depth
for the next iteration:
hnþ1T ¼ hn ð28Þ
The mixture with a bubble point in the depth hn would be
replaced with the bottom depth for the next iteration:
hnþ1B ¼ hn ð29Þ
The estimated depth for each iteration is calculated as
follows:
hn ¼ 0:5:ðhnb þ hnTÞ ð30Þ
Number of iterations required to achieve to tolerance 6 h
will be:
1:5 ln
hT  hB
6 h
 
ð31Þre vs. depth.
1 in gas phase vs. depth.
Figure 3 Compositions of C1 in liquid phase vs. depth.
Figure 4 Compositions of C2 in gas phase vs. depth.
Figure 5 Compositions of C2 in liquid phase vs. depth.
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Figure 6 Compositions of N2 in gas phase vs. depth.
Figure 7 Compositions of N2 in liquid phase vs. depth.
Table 4 Iterations vs. depth to ﬁnd gas oil contact.
Depth Gas mole fraction Number of iterations
1750 0 12
1350 1 39
1550 1 773
1650 0 20
1600 0 14
1575 0 12
1562.5 0 13
1556.25* 1 1866*
1559.37 0 13
1557.81 0 6000
310 M.H. Sedaghat et al.4. Improvements
4.1. Lambda (k) calculation improvement
Previously, k was deﬁned as:
k ¼ b01
b11 þ b01


where:
b01 ¼
XN
i¼1
ln ðrni Þ: ln ðrnþ1i Þ
b11 ¼
XN
i¼1
lnðrn1i Þ: lnðrni Þ
In each iteration, k is calculated from above equations.
Also values of 0 and 1 are assigned to k in each iteration. That
k value from these three different values of k (one k from the
Whitson and Brule method = 0 and k= 1) would be used in
algorithm which minimizes E where:E ¼ 1
XN
i¼1
Yi

 ð32Þ
That k which minimizes E is chosen and used in a sequence
of algorithm calculations.
Table 1 illustrates the number of iterations for convergence
and the percentage frequency of each selected k from three val-
ues of k which minimize E in iterations for each depth. As can
Improvement of Whitson algorithm for chemical/gravity equilibrium calculations 311be seen, it is considerable that calculation of k by the Whitson
method is not the best method to minimize E all the time.
For each depth about in 15% of iterations, k= 1 is chosen
and about in 25% of iterations, k= 0 minimizes the value of
E. This new amendment improves the general method for cal-
culating k by the Whitson method in compositional gradient
calculation algorithm.
Our offer based on calculating E for k= 1, k= 0 and also
that k which is obtained from Whitson and choosing that k
where minimizes E, increases the chance of ﬁnd lower E,
decreases the error of compositional gradient calculations
and increases accuracy in at least 40% of iterations and gener-
ally the results of algorithm.
4.2. Pressure estimation improvement
Since the change of composition of each component in both
phases verses depth is linear, convergence in very dependent
to initial guess for pressure. To increase accuracy and speed
of convergence in this algorithm, if the absolute difference of
pressure guess in nth iteration and pressure guess in iteration
n  1 be greater than 0.2 as follows:
jPnest  Pn1est j > 0:2Pnest ð33Þ
Then, the pressure estimation would be calculated by the
following equation:
  Pnest ¼ðPrefþPrefð1=2
Xn
i¼1
=Mw:ðzrefþzn1est ÞgðhhrefÞ=ZRTrefÞ=2
ð34Þ
where the average of the composition in reference point and
the estimated composition in previous iteration is calculated
to compute the pressure estimation in nth iteration. This
improvement increases convergence velocity.
5. Results and discussion
The sample data come from a commercial simulator to com-
pare with the coded improved Whitson algorithm results and
this software results. Table 2 shows composition of each com-
ponent of a Black oil sample at an arbitrary reference depth, of
1550 m. Other characterizations of reservoir are shown in
Table 3. By this reference point these results are gained.
Fig. 1 shows the acceptable match between this code and
that commercial software for pressure prediction is resulted.
It is obvious that the matches are better in liquid phase, be-
cause the reference point is in liquid phase. That depth where
this curve changes its differentiation is GOC.
Also all components are predicted so well in both phases
with minimum of error. That depth where composition of each
component changes sharply is the depth of GOC. Change of
composition of some components, C1, C2 and N2 are shown
in Figs. 2–7. Figs. 2 and 3 show the better match between this
improved model and that commercial simulator is resulted in
the liquid phase. The reason is the reference point is in liquid
phase. Although relative error in gas phase is more than rela-
tive error in liquid phase, it is negligible.
In Figs. 4 and 5 like Figs. 3 and 4 the better match in liquid
phase is the result of choosing the reference point in liquid
phase although the error in gas phase is not considerable. This
concept is also valid in Figs. 6 and 7 for component N2. Table 4shows that the mole fraction in the liquid phase is 1 and in the
gas phase it is 0. Finally by this bisection method, the mole
fraction in depth 1556.25 became 1 after 1866 iterations and
it became 0 at depth 1557.81 after 6000 iterations. So the
GOC is between these two depths. With a depth tolerance,
the depth of 1556.25 is accepted as the depth of GOC which
is asterisked.
6. Conclusions
The developed method has improved the Whitson algorithm
used for the calculation of the composition gradient in heavy
oil reservoirs in constant temperature. The results were com-
pared with those of commercial software to check its accuracy.
Based on the results obtained in this work the following con-
clusions can be drawn:
1. Parameter k has a fundamental rule in convergence and
precision of Whitson algorithm.
2. Our offer is based on calculating E from Eq. (32) for k= 1,
k= 0 and also the k which is obtained from Whitson, and
chosen that k where minimizes E, increases the chance of
ﬁnd lower E, decreases the error of compositional gradient
calculations and increases accuracy in at least 40% itera-
tions and generally the results of algorithm.
3. Convergence of Whitson algorithm is very dependent on
the initial guess for pressure in each iteration. To increase
accuracy and speed of convergence in this algorithm, the
rule which is introduced by Eqs. (33) and (34) is recom-
mended. This improvement increases convergence velocity.
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